Highlights d Fat-specific deletion of GATM depletes creatine and phosphocreatine from brown fat d Creatine energetics supports cold-and adrenergic-mediated adaptive thermogenesis d Adipo-Gatm KO mice are obese on a high-fat diet d Dietary creatine rescues impaired adrenergic thermogenesis of Adipo-Gatm KO mice SUMMARY Diet-induced thermogenesis is an important homeostatic mechanism that limits weight gain in response to caloric excess and contributes to the relative stability of body weight in most individuals. We previously demonstrated that creatine enhances energy expenditure through stimulation of mitochondrial ATP turnover, but the physiological role and importance of creatine energetics in adipose tissue have not been explored. Here, we have inactivated the first and rate-limiting enzyme of creatine biosynthesis, glycine amidinotransferase (GATM), selectively in fat (Adipo-Gatm KO). Adipo-Gatm KO mice are prone to diet-induced obesity due to the suppression of elevated energy expenditure that occurs in response to high-calorie feeding. This is paralleled by a blunted capacity for b3-adrenergic activation of metabolic rate, which is rescued by dietary creatine supplementation. These results provide strong in vivo genetic support for a role of GATM and creatine metabolism in energy expenditure, diet-induced thermogenesis, and defense against diet-induced obesity.
In Brief Kazak et al. investigate the physiological effects of creatine energetics through loss of function of the rate-limiting enzyme glycine amidinotransferase (GATM) in adipose tissue. Adipo-Gatm KO mice cannot counteract increased calories with energy expenditure and gain weight. Their lower metabolic rate can be rescued by dietary creatine supplementation.
INTRODUCTION
The escalation in prevalence of obesity worldwide has led to a surge in the number of individuals with type 2 diabetes, cardiovascular disease, and cancer, as well as rising healthcare costs (Adams et al., 2006; Juonala et al., 2011; Khandekar et al., 2011; Twig et al., 2016) . Excess fat storage occurs when caloric intake persistently exceeds caloric expenditure (Ravussin et al., 1988) ; thus, obesity can be caused by increased food intake, decreased energy expenditure, or a combination of the two. However, body weight in most individuals is remarkably sta-ble in response to experimentally imposed alterations in energy intake because of compensatory changes in energy expenditure (Leibel et al., 1995; Rosenbaum et al., 2008) . Decreased food intake triggers a reduction in energy expenditure, which limits weight loss (Apfelbaum et al., 1971; Leibel and Hirsch, 1984; Miller and Parsonage, 1975; Rosenbaum et al., 2008 Rosenbaum et al., , 2010 . Conversely, excessive caloric intake enhances energy expenditure and thus limits weight gain in humans (Bouchard et al., 1990; Levine et al., 1999) and rodents (Bachman et al., 2002; Rothwell and Stock, 1979) . Such a fine equilibrium is suggestive of precisely tuned metabolic regulatory systems (Hall et al., 2012) .
Brown and beige adipose tissues dissipate chemical energy as heat, through non-shivering thermogenesis. This thermogenic activity offers tremendous potential to combat obesity (Harms and Seale, 2013; Lowell and Spiegelman, 2000; Rosen and Spiegelman, 2014) . Brown fat function is historically evaluated by monitoring the activation of metabolic rate in response to adrenergic stimuli. By this measure, the capacity for brown adipose tissue (BAT)-mediated non-shivering thermogenesis is increased by exposure to environmental cold (Foster and Frydman, 1978) and to high-calorie diets (Bachman et al., 2002; Rothwell and Stock, 1979) . Importantly, individuals who are predisposed to obesity exhibit decreased adrenergic-dependent thermogenic capacity (Jung et al., 1979) , suggesting that this impairment is relevant in the context of human weight gain. In addition, certain genetically engineered mouse models that are predisposed to obesity exhibit reduced adrenergic activation of metabolic rate (Cohen et al., 2014; Feldmann et al., 2009) .
The capacity to increase energy expenditure in response to caloric excess is referred to as diet-induced thermogenesis. Although components of this regulatory system have been identified (Bachman et al., 2002; Chen et al., 1996; Huszar et al., 1997; Krude et al., 1998; Lee et al., 1996; Zhang et al., 1994) , the molecular mechanisms are not fully understood. Highfat feeding sensitizes animals to the thermogenic effects of noradrenaline (Feldmann et al., 2009; Himms-Hagen et al., 1986; Rothwell and Stock, 1979) , strongly suggesting that thermogenic fat is a critical regulator of diet-induced thermogenesis. (legend continued on next page) An obvious molecular candidate for driving diet-induced thermogenesis is uncoupling protein 1 (UCP1), the principal effector protein controlling cold-mediated non-shivering thermogenesis in fat. Mice with ablation of Ucp1 (UCP1-KO) have rates of energy expenditure comparable to wild-type animals across a range of environmental temperatures (Enerb€ ack et al., 1997; Feldmann et al., 2009; Liu et al., 2003; Meyer et al., 2010) . Genetically engineered congenic mice with deletion or with severely reduced levels of Ucp1 are sensitive to acute cold exposure, indicating that UCP1 is critical for thermal homeostasis. However, these animals are resistant to diet-induced obesity at temperatures below the thermoneutral zone, when alternative thermogenic mechanisms are activated (Enerb€ ack et al., 1997; Liu et al., 2003; Thomas and Palmiter, 1997) . The relative increase in body weight of UCP1-KO mice is greater than wild-type animals at 30 C, and UCP1-KO mice have impaired adrenergic activation of metabolic rate following 4 weeks of high-fat feeding (Feldmann et al., 2009 ). However, UCP1-KO mice do not exhibit suppression of metabolic rate in the context of diet-induced thermogenesis, as the increase in oxygen consumption between wild-type and knockout animals is identical in response to acute high-fat feeding (Anunciado-Koza et al., 2008) . Together, these data suggest that both UCP1-dependent and -independent mechanisms play a role in diet-induced thermogenesis.
While UCP1 has not been demonstrated as sufficient for mediating diet-induced thermogenesis, this certainly does not exclude an involvement of thermogenic adipose tissues from this process. Inactivation of all three b-adrenergic receptors (b-less mice) causes massive obesity and suppresses induction of metabolic rate upon acute high-calorie feeding (Bachman et al., 2002) . Therefore, obesity in b-less mice has been directly linked to inhibition of diet-induced thermogenesis, potentially through defective function of target tissues of the sympathetic nervous system. Such possibilities include brown, beige, and white adipose tissues, or skeletal muscle, where diet-induced thermogenesis may be induced by alternative futile cycles (Anunciado-Koza et al., 2008; Granneman et al., 2003; Meyer et al., 2010; Mottillo et al., 2014; Rowland et al., 2016; Ukropec et al., 2006) .
We previously demonstrated that creatine enhances energy expenditure through stimulation of mitochondrial ATP turnover. Further support for this comes from data demonstrating that reduction of endogenous creatine levels with b-guanidinopropionic acid blunts adrenergic activation of metabolic rate and core body temperature in vivo, which is associated with a reduction in beige and brown fat oxidative metabolism (Kazak et al., 2015; Wakatsuki et al., 1996; Yamashita et al., 1995) . However, the physiological importance of creatine metabolism in adipose tissue, specifically, has not been explored. Here, we take a genetic approach to reduce adipose tissue creatine synthesis in vivo through inactivation of the rate-limiting enzyme of creatine biosynthesis, Gatm. Our findings indicate that adipose tissue creatine energetics supports diet-induced thermogenesis and combats obesity.
RESULTS

Generation of Fat-Specific GATM Knockout Mice
To examine the physiological relevance of adipose tissue creatine metabolism, we deleted the rate-limiting enzyme of creatine biosynthesis selectively in adipose tissue ( Figure 1A ). Adenoviral delivery of Cre recombinase significantly reduced Gatm transcript levels in primary brown adipocytes from Gatm flox/flox (flox) animals, relative to GFP virus ( Figure 1B ). These results demonstrate appropriate targeting of loxP sites to the Gatm locus. Next, flox mice were bred to transgenic animals expressing Cre recombinase, driven by the fat-specific adiponectin promoter (Eguchi et al., 2011) to generate Adipo-Gatm KO (KO) mice ( Figure 1C ). Primary interscapular brown and subcutaneous adipocytes from the KO mice exhibited significantly reduced Gatm transcript abundance relative to cells from flox animals ( Figures 1D and S1A ). Gatm mRNA levels were not entirely deleted in adiponectin-Cre transgenic cultures, likely because of Gatm expression in non-adiponectin-expressing cells. In addition, the KO mice exhibited a substantial reduction in GATM protein, as assessed by western blot analysis following purification of mature adipocytes from brown and subcutaneous adipose tissues ( Figures 1E and 1G ). There was no alteration in Gatm mRNA from non-adipose tissues ( Figure S1B ). Apparent mitochondrial respiratory chain abundance in BAT and subcutaneous adipocytes was unaltered in the KO mice (Figures 1F and 1G) . UCP1 protein abundance was unaltered in the BAT of KO animals ( Figure 1F ). Strikingly, UCP1 protein levels were markedly higher, specifically in the subcutaneous fat cells from the KO animals ( Figure 1G ), which is consistent with prior work demonstrating a compensatory relationship between genes of creatine metabolism and UCP1 (Kazak et al., 2015) . Together, these data demonstrate efficient deletion of Gatm from Creexpressing adipocytes, without apparent disruption of the mitochondrial respiratory chain.
Next, we measured steady-state levels of creatine, phosphocreatine, and proximal metabolites in BAT. BAT was used for these measurements because it is the most homogeneous of the adipose tissue depots, in that the majority of cells from the tissue are bona fide adipocytes (Roh et al., 2017) . This is particularly relevant, as measurement of creatine after purification of adipocytes is complicated by the fact that the creatine transporter promotes release of creatine from cells (Bera et al., 2008; Dodd et al., 1999) . Utilizing nuclear magnetic resonance (NMR) spectroscopy, creatine abundance was significantly (E) Western blot of GATM from purified brown adipocytes. Ponceau staining was used to control for loading. (F) Representative western blot from BAT from mice housed at 28 C. Vinculin (VCL) was used as loading control. n = 6-9 mice per genotype. (G) Western blot from purified subcutaneous (SubQ) adipocytes from mice housed at 4 C for 1 week. Vinculin (VCL) was used as loading control. n = 3 independent adipocyte purifications per genotype (each sample represents adipocytes isolated from five mice). reduced ($60%) in the BAT of KO compared to flox animals (Figures 1H and 1I) . Next, we corroborated these results using liquid chromatography-mass spectrometry (LC-MS). The downstream products of GATM activity (creatine, phosphocreatine, and sarcosine) were significantly reduced in the BAT of KO animals, with no alteration in steady-state levels of metabolites upstream of GATM activity ( Figure 1J ). Metabolites involved in creatine energetics were unchanged in heart tissue of KO mice ( Figure S1C ). Together, these data demonstrate selective reduction of GATM, creatine, and related metabolites in adipose tissue.
Fat-Specific Deletion of Gatm Confers Mild Cold Sensitivity
Pharmacological reduction of creatine using the creatine analog b-guanidinopropionic acid reduces body temperature in response to cold (Kazak et al., 2015; Wakatsuki et al., 1996; Yamashita et al., 1995) . Therefore, under these conditions, we sought to examine the role of adipose tissue creatine metabolism on body temperature of KO mice. First, using infrared thermography, interscapular temperature and total body temperature of KO mice were shown to be moderately reduced compared to controls upon transition to 4 C (Figures 2A and  S2A ). Next, rectal temperature measurements demonstrated significantly reduced body temperature of KO mice upon transition to 4 C ( Figure 2B ). Lastly, core body temperature was measured using surgically implanted transponders in the visceral cavity. Upon acute transition to 4 C, the body temperature of KO mice significantly decreased 1.5 C relative to flox and het animals ( Figure 2C ). Strikingly, KO mice defended a lower temperature for 72 hr following cold transition ( Figure 2C) . No difference in body temperature was detected between the genotypes at 28 C ( Figures 2B and 2C ). In the acute phase, heat production to maintain thermal homeostasis is dependent on shivering. We measured shivering directly using electromyography (EMG). At 28 C, there was marginal EMG activity, while upon transition to 4 C, there was a robust increase in shivering in both genotypes to a similar extent ( Figures 2D and 2E ). Moreover, there was no change in physical activity of KO mice compared to controls ( Figure S2B ). Together, these data suggest that adipose tissue Gatm and creatine energetics support adaptive thermogenesis in response to environmental cold.
Adipo-Gatm KO Animals Are Prone to Diet-Induced Obesity
Because deletion of Gatm in adipose tissue impaired thermal homeostasis in response to environmental cold, we explored the function of creatine energetics on energy balance and dietinduced obesity. Mice were reared on standard chow diet at 23 C until 8 weeks of age. Prior to high-fat feeding, the body mass of the KO mice was greater than the flox animals and trended higher than the het animals ( Figure 3A ). Because typical housing conditions ($20 C-24 C) cause small rodents to increase food intake and metabolism to defend their body temperature, we conducted our experiments at 28 C to limit thermal stress. Under these conditions, the KO mice rapidly developed diet-induced obesity. The mass of the KO mice diverged from the flox and het animals following high-fat feeding; the dynamic phase of weight gain occurred in the first 6 weeks ( Figure 3B ). By week 4 of high-fat feeding, the KO mice were 8.7 ± 1.84 g and 7.1 ± 0.99 g heavier than the flox and het mice, respectively (Figure 3B) . Body composition analysis demonstrated that the weight gain (80%-85%) was primarily accounted for by adipose tissue accumulation ( Figures 3C and 3D , left panels). Additionally, there was a minor, but significant, contribution to weight gain from lean mass ( Figure 3C , right panel). When expressed as a percentage of total body weight, lean mass of the KO mice was significantly lower than the other two genotypes due to the large increase in fat mass ( Figure 3D , right panel). Cumulative energy intake of both the KO and het mice was moderately, but significantly, greater than the flox animals ( Figure 3E ). Importantly, however, there was no difference in energy intake between the KO and het genotypes despite the difference in weight gain ( Figure 3E ). Increased metabolic efficiency is a hallmark of obesity (Bouchard et al., 1990; Canolty and Koong, 1976; Hainer et al., 2001; Leibel and Hirsch, 1984; Ravussin et al., 1988) and represents the fraction of assimilated energy that is stored somatically. Therefore, we examined metabolic efficiency by analyzing the fraction of ingested energy that was associated with (1) the increase in total body mass or (2) the accumulation of fat mass. KO mice exhibited substantially higher metabolic efficiency under both analyses ( Figure 3F ). These data strongly suggest that fat-specific deletion of Gatm causes obesity due to increased metabolic efficiency.
Adipo-Gatm KO Animals Have Mild Metabolic Impairment
Consistent with obesity, following 4 weeks of high-fat feeding, KO animals exhibited impaired glucose tolerance compared to the flox and het mice ( Figure 4A ). Similarly, fasting plasma insulin levels were significantly elevated in the KO, compared to the flox mice 5 weeks after the onset of high-fat feeding ( Figure 4B ). (E) Cumulative energy (MJ) intake following 4 weeks of high-fat feeding. n = 9 mice per genotype. (F) Metabolic efficiency as measured by body mass or fat mass accumulation as a function of cumulative energy intake after 4 week of high-fat feeding. n = 9 mice per genotype. Data are presented as means ± SEM. n = 5-9 mice per genotype. *p < 0.05, ***p < 0.01.
However, insulin tolerance tests demonstrated that the KO mice did not display signs of insulin resistance ( Figure 4C ). Together, these data demonstrate that fat-specific loss of Gatm causes obesity with mild metabolic dysfunction.
Obesity of Adipo-Gatm KO Mice Is Not Due to Enhanced Caloric Absorption
To determine the physiological mechanism driving adipose expansion in KO mice, we focused on the possible contribution of caloric absorption. GATM is highly expressed in pancreatic exocrine acinar cells (Sorenson et al., 1995) , which play an important role in nutrient absorption through the secretion of digestive enzymes. Thus, we assessed Gatm expression in pancreatic extracts. No difference in pancreatic Gatm mRNA abundance was observed between the Gatm genotypes (Figure 4D) , demonstrating that there was no leaky expression of the adiponectin-Cre transgene. We next assessed the potential for increased caloric absorption by measuring intestinal length. However, there was no difference between the genotypes (Figure 4E ). Next, we evaluated caloric absorption directly. Monitoring of cumulative energy intake during high-fat feeding did not reveal differences between genotypes ( Figure 4F ). At the same time, we collected the total fecal output and analyzed the energy content of feces using oxygen bomb calorimetry. We detected no significant differences in total fecal output (Figure 4G) or fecal energy content between genotypes ( Figure 4H ). Using oxygen bomb calorimetry to determine the energy content of the high-fat diet, we were not able to detect differences in assimilated energy between the genotypes ( Figure 4I ). Collectively, these data indicate that excess nutrient absorption is not the cause of diet-induced obesity of KO mice.
Defective Diet-Induced Thermogenesis in Adipo-Gatm KO Mice
In order to determine whether diet-induced obesity was triggered by reduced energy expenditure, we monitored the resting metabolic rate of KO mice at thermoneutrality (RMRt) (Speakman et al., 2004) , prior to a significant divergence in fat mass. At this early time point, the het and KO mice had a trend toward higher lean mass compared to flox animals, whereas the fat mass was highest in the KO animals ( Figure 5A ). There was no difference in average physical movement ( Figure S3A ) or cumulative food intake ( Figure S3B ) between genotypes. The RMRt data were analyzed four distinct ways. First, we expressed the . Glucose was administered per total body mass at 1 g kg À1 , following 4 weeks of high-fat feeding. n = 5-6 mice per genotype. (B) Fasting insulin levels were determined from plasma samples after 5 weeks of high-fat feeding. n = 5-6 mice per genotype. (C) Insulin tolerance test by intraperitoneal administration of insulin (IPITT). Insulin was administered per total body mass at 1 U kg À1 , following 10 weeks of high-fat feeding. n = 5-6 mice per genotype. data as milliliters oxygen consumed per mouse, without ratio normalization. The het and KO animals trended to be hypermetabolic compared to the flox animals, likely due to greater lean mass ( Figure 5B ). However, despite having marginally elevated lean mass, the KO animals trended toward a lower RMRt compared to the het animals, specifically ( Figure 5B ). These latter data suggested that the KO animals might have impaired energy expenditure.
To test this idea in more detail, we normalized the RMRt data by total body mass. With this analysis, the KO animals trended lower than both the flox and het mice ( Figure 5C ). This is likely the case because lean mass was the primary tissue responsible for the weight differences at this early time point. This idea was confirmed when lean body mass was used for ratio normalization, which demonstrated that the KO mice had a lower RMRt than the flox and het animals ( Figure 5D ). However, RMRt was not significantly different between groups when accounting for differences in lean body mass by ANCOVA (p = 0.272).
Because lean body mass was the dominant contributor to differences in RMRt, we examined the contribution of adipose tissue specifically to whole-body metabolic rate. Adipose tissue metabolism can be induced in rodents through agonism of the fat-specific b3-adrenergic receptor CL 316,243 (CL) ( , 1974) . Adrenergic responsiveness can be masked at subthermoneutral temperatures when thermoregulatory thermogenesis is active. Therefore, we examined the acute response to CL in conscious free-moving mice at 28 C. To this end, we administered CL and monitored upstream adrenergic signaling and O 2 consumption in parallel. We detected no genotype differences in the upstream PKA-dependent signaling events linked to the activation of fuel delivery, as assessed by western blot of phosphorylated hormone-sensitive lipase (HSL) at serine 660 (Figure 5E) . These data indicate that adrenergic tone is intact in KO mice. Nevertheless, the KO animals had a severely blunted ($50%-60%) O 2 consumption response following acute CL administration ( Figure 5F ). Notably, at the time of injection the KO mice were roughly 1 g heavier than the flox and het groups ( Figure S3C) . Given that the increase in body mass was primarily due to lean mass ( Figure 5A ), a tissue that is not directly targeted by b3-agonism, the blunted metabolic activation of the KO mice was striking. Collectively, these data are consistent with suppression of diet-induced thermogenesis in KO animals given that activation of adrenergic signaling is similar among genotypes, but results in decreased energy expenditure in KO animals specifically. It is well established that acute exposure to excess calories not only increases adrenergic responsiveness, but also increases resting energy expenditure (Bachman et al., 2002; Feldmann et al., 2009; Himms-Hagen et al., 1986; Rothwell and Stock, 1979) . Therefore, we posited that if GATM regulates diet-induced thermogenesis, the ability of high-fat feeding to trigger an increase in energy expenditure should be detectable in control (flox and het) animals but minimized in the KO mice. Therefore, we monitored the mRNA expression of genes involved in thermogenesis following acute high-fat feeding in wild-type animals. Gatm mRNA was significantly elevated ($2-fold) in response to acute (4 days) high-fat feeding in BAT ( Figure 5G ). In addition, Gamt (responsible for the second step of the creatine biosynthetic pathway) was also significantly elevated in BAT ( Figure 5G ). Other genes that were significantly increased at the mRNA level in BAT were Dio2, Ucp1, Fabp4, and leptin ( Figure 5G ). Ckmt2 was significantly increased ($20-fold), as was Gamt ($2-fold) in the SubQ depot following acute highfat feeding (Figure 5H ). Ckmt1 and Gamt were both augmented ($2-fold) in the perigonadal white fat in response to caloric excess, as were Dio2 and Ucp1 (Figure 5I ). These findings demonstrate that acute high-fat feeding increases transcripts of creatine metabolism genes in adipose tissue. To examine diet-induced thermogenesis directly, total energy expenditure was monitored in response to acute high-fat feeding at 28 C. Strikingly, while high-fat feeding rapidly triggered an increase in energy expenditure of flox and het mice, the response of the KO animals was significantly impaired ( Figure 5J ). Metabolic rates of the flox and het mice were induced upon transition to high-fat feeding, and steadily increased daily ( Figure 5J) . In contrast, the induction of energy expenditure was completely absent in the KO animals during the first 2 days following transition to high-fat diet and was severely impaired relative to the other genotypes during the entire duration of measurement (Figure 5J) . These data directly demonstrate that GATM and creatine metabolism in adipose tissue promote diet-induced thermogenesis to combat obesity.
Dietary Creatine Supplementation Rescues Impaired Adrenergic Thermogenesis in Adipo-Gatm KO Mice
To determine if the impaired thermogenesis of KO animals was primarily driven by creatine depletion, we compared the CLinduced metabolic rate between flox mice fed a control diet, KO mice fed a control diet, and KO mice fed a creatine-supplemented diet ( Figure 6A ). Consistent with our earlier findings (Figure 5F) , KO mice fed the control diet had significantly impaired maximal CL-induced activation of metabolism, compared to flox animals fed the control diet ( Figure 6B) . Interestingly, creatine-supplemented KO animals also had a significantly reduced metabolic rate compared to control diet-fed flox animals (Figure 6B) . In contrast, creatine supplementation rescued the average oxygen consumption that occurred after reaching the maximal CL response, to levels near identical to flox animals ( Figure 6C ). Next, we applied regression analysis to investigate the effect of creatine supplementation on the relationship between CL-induced metabolic rate and body weight. The rate of change of average oxygen consumption per unit change in body mass was proportionately higher in creatine-supplemented KO mice compared to KO mice fed the control diet ( Figure 6D ). Post hoc pairwise comparisons of mean difference in oxygen consumption, accounting for total body mass as a covariate in the ANCOVA, showed significantly decreased adrenergic thermogenesis of KO animals compared to flox mice ( Figure 6E ). Strikingly, creatine supplementation significantly increased the CL-induced metabolic rate of KO animals to the extent that the mean difference in oxygen consumption was not significantly different than flox mice, while the mean difference in oxygen consumption was significantly greater compared to control-fed KO mice ( Figure 6E ). Hence, creatine supplementation can rescue the suppressed adrenergic thermogenesis of Adipo-Gatm KO animals. Specifically, creatine supplementation does not primarily drive an increase in the maximal CL response, but significantly prolongs the ability to sustain adrenergic activation of metabolic rate over time. Together, these data show that creatine depletion is the primary cause of increased metabolic efficiency and decreased adaptive thermogenesis of mice lacking adipocyte GATM.
DISCUSSION
Our prior work, using in vitro and chemical approaches, suggested a critical role for adipose tissue creatine metabolism in enhancing energy expenditure through stimulation of ATP turnover (Kazak et al., 2015) . We have now examined the physiological relevance of adipose tissue creatine energetics specifically by genetic ablation of the first and rate-limiting enzyme of creatine synthesis, GATM, using a Cre recombinase that is adipose tissue selective. Since we used a Cre recombinase driven by the adiponectin promoter, Gatm was ablated in all fat depots. Notably, while GATM abundance is more than 5-fold higher in beige fat mitochondria compared to brown fat mitochondria (Kazak et al., 2015) , the greater abundance of these organelles in brown relative to beige adipose tissue suggests that creatine energetics may promote thermogenesis in all types of fat cells in vivo. Under thermoneutral conditions, BAT is the dominant thermogenic effector. The data presented herein indicate that Gatm and creatine depletion impairs diet-induced thermogenesis primarily in BAT, when studied at thermoneutrality. Indeed, while pharmacological reduction of creatine in vivo suppresses oxidative metabolism in beige fat, there is a strong trend toward impairment of energy expenditure that is quantitatively larger in BAT (Kazak et al., 2015) . Moreover, the compensatory increase of UCP1 in purified subcutaneous adipocytes from KO mice may be a consequence of BAT dysfunction. As shown here, genetic disruption of creatine synthesis specifically in fat has a dramatic effect on energy expenditure and the development of obesity on high-fat diet. Collectively, the data presented here demonstrate that adipose tissue is a dominant site of diet-induced thermogenesis regulation, consistent with earlier studies (Bachman et al., 2002; Feldmann et al., 2009; Rothwell and Stock, 1979) . Obviously, the current work makes the critical role of adipose tissue creatine metabolism much clearer in physiological and pathological contexts.
Given the broad importance of creatine energetics in tissues such as heart, skeletal muscle, and brain, it is not surprising that the results presented here differ markedly from previous studies using whole-body Gatm KO mice (Choe et al., 2013) . In fact, global Gatm KO animals have reduced fat deposition and are protected from diet-induced obesity at room temperature. However, this is at the expense of reduced body length, chronic muscular hypotonia, and severe scoliosis (Choe et al., 2013) . It is conceivable that the thermal stress placed on the global Gatm KO mice at room temperature is enhanced due to these latter effects at the whole-body level. Given that fat-specific deletion of Gatm results in diet-induced obesity at thermoneutrality, it is reasonable to conclude that the reduction in adipose expansion in the global Gatm KO mouse is likely a secondary consequence resulting from multi-tissue dysfunction and increased thermal stress.
It is intriguing that genes and proteins regulating creatine metabolism are highly selective for BAT compared to white fat in humans. Mitochondrial creatine kinase expression has been identified at the mRNA level specifically in human BAT compared to white fat (Svensson et al., 2011) . In addition, global proteomic analysis on deep neck human BAT compared to paired white fat also identified the mitochondrial creatine kinases as being exclusively expressed in BAT (M€ uller et al., 2016) . Clonal human brown/beige adipocytes also exhibit powerful effects on oxidative metabolism upon creatine modulation (Kazak et al., 2015) . Cold stress has a profound effect on metabolic studies. The majority of the human population lives at or near thermoneutrality, assisted by clothing and heating, so conducting metabolic studies exempt from thermal stress is more relevant to human physiology (Harms and Seale, 2013) . Notably, the results presented herein were derived from experiments conducted under thermoneutral housing, so the drive for heat production to combat heat loss was eliminated. Under these conditions, the physiological relevance of adipose tissue GATM and creatine metabolism is revealed. Taken together, creatine energetics may play an important role in the metabolism of human thermogenic fat.
Mice with adipose tissue ablation of Gatm showed mild metabolic dysfunction with impaired glucose clearance and hyperinsulinemia in the fasted state. It is important to note that these studies were carried out in young animals with rapid-onset obesity. Presumably, a longer time course of high-fat feeding, or the use of older animals, would establish the full extent of metabolic dysfunction in Adipo-Gatm KO mice.
Our results might provide an explanation for previous studies regarding the adipose tissue wasting effects by environmental polychlorinated dibenzodioxins, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Houlahan et al., 2015) . TCDD is lipophilic, and accumulates in white fat, resulting in rapid weight loss (Seefeld et al., 1984) , and results in mobilization of energy stores (Li et al., 2007) . Transcriptional profiling of white adipose tissue identified Gatm to be the only gene with significantly lower expression in a rat strain that is resistant to the wasting effects of TCCD (Houlahan et al., 2015) . The current work supports the idea that decreased creatine metabolism may be an adaptive mechanism for energy conservation upon TCDD exposure.
Multiple lines of evidence strongly suggest that the marked obesity observed in Adipo-Gatm KO mice is due to impaired diet-induced thermogenesis. First, the food intake of the het and KO mice fed a high-calorie diet was identical, even though the KO mice gained substantially more adipose tissue mass. Second, adrenergic signaling was similar between flox and KO mice but resulted in decreased energy expenditure in the KO animals specifically. Third, and most importantly, the feeding of a high-calorie diet caused a marked increase in the metabolic rate (diet-induced thermogenesis) in flox and het mice, but this response was significantly reduced in KO animals. In particular, diet-induced thermogenesis was completely abolished in the KO mice in the first 2 days following transition to high-fat feeding. Transient energy and fat imbalances in the first several days following a diet switch can account for a significant fraction of the total body weight change (Guo and Hall, 2009 ). Therefore, the absence of diet-induced thermogenesis in KO mice in the first days following a high-fat diet switch may largely explain their profound susceptibility to diet-induced obesity.
In conclusion, our results provide in vivo genetic support for a role for adipose tissue GATM and creatine metabolism in energy expenditure and the defense against diet-induced obesity. It is important to note that our findings do not exclude the possibility that additional metabolic pathways contribute to the physiology exhibited in the context of GATM deficiency in fat. Nevertheless, these findings demonstrate that diet-induced thermogenesis plays a critical role in body weight homeostasis and that adipose tissue creatine energetics is a key effector of this process. How and whether this pathway can be manipulated for therapeutic purposes remains to be determined.
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